The genus Phyllanthus (Phyllanthaceae) is distributed in tropical and subtropical regions, and its members are widely used as medicinal plants in many countries. We analyzed the nucleotide sequences of the internal transcribed spacers of ribosomal DNA of 56 plant samples covering 23 Phyllanthus species collected from various habitats in Thailand. Based on the sequence alignment, we constructed phylogenetic trees of all Phyllanthus species distributed in Thailand. Furthermore, a simple protocol to discriminate three important medicinal Phyllanthus species, P. amarus, P. debilis, and P. urinaria, was developed using a Polymerase Chain Reaction-Restriction Fragment Length Polymorphism method and successfully applied to the crude drug samples obtained in Thai markets.
Phyllanthus is a large genus of the family Phyllanthaceae. It comprises over 800 species, distributed in tropical and subtropical regions. 1) We found 36 species of trees, shrubs, or herbs of this genus in Thailand.
2) Plants of the genus Phyllanthus are important sources of medicines, exhibiting a wide array of pharmacological activities including diuretic, antipyretic, antioxidative, and anti-inflammatory effects. They are used as folk medicines in many countries such as India, China, and Thailand to treat jaundice, coughs, diabetes, fevers, and stomachaches. [3] [4] [5] [6] [7] Among medicinal Phyllanthus species, P. amarus has attracted attention because it shows effective hepatoprotective activity due to anti-hepatitis B virus activity. [8] [9] [10] In Thailand, P. amarus, P. debilis, and P. urinaria are popular medicinal plants found in the herbal markets. P. amarus and P. debilis are known as "Luk Tai Bai" while P. urinaria is called "Ya Tai Bai" in Thai. Furthermore, the dried aerial parts of these plants are well known as "Luk Tai Bai," regardless of the original species, in the markets and used mostly as anti-fever treatments. These three species have very similar habitats and thus are difficult to identify morphologically, which leads to confusion and misuse of crude drugs.
In the past few decades, DNA-based techniques have been applied to authenticate important medicinal plants and crude drugs because they are less affected by age or environmental factors, 11) and a small sample from non-specific tissue is sufficient for analysis. 12, 13) Ribosomal RNA (rRNA) genes are an attractive target for molecular analysis, because (1) a large number of copies of these genes are present in the plant genome, and (2) the regions encoding 18S-, 5.8S-, and 26S-rRNA are highly conserved. Variable internal transcribed spacers (ITS1 and ITS2) are useful as DNA markers for plant identification. 11) In the present study, we collected 56 plant samples covering 23 Phyllanthus species from various habitats in Thailand and determined nucleotide sequences of their nuclear internal transcribed spacer (ITS) 1-5.8S ribosomal DNA (rDNA)-ITS2 of rRNA gene. Based on the sequence alignment of these plant samples together with the sequences retrieved from the DNA database, we analyzed the molecular phylogenetic relationship of all 36 Phyllanthus species distributed in Thailand for the first time. Furthermore, we established a polymerase chain reaction-restriction fragment length polymorphisms (PCR-RFLP) approach that enables us to discriminate between the three Thai medicinal plants, P. amarus, P. debilis, and P. urinaria, and to authenticate the source species of the important Thai crude drug "Luk Tai Bai."
MATERIALS AND METHODS

Plants Materials Samples of 23
Phyllanthus species were collected from various habitats in Thailand. Fresh plant samples were identified by Assoc. Prof. Dr. Nijsiri Ruangrungsi and Assoc. Prof. Thatree Phadungcharoen of Chulalongkorn University, and voucher samples were deposited in the Museum of Natural Medicines, Faculty of Pharmaceutical Sciences, Chulalongkorn University, Thailand. Herbarium specimens were collected from Bangkok Herbarium (BK) and Forest Herbarium (BKF), Bangkok, Thailand ( Table 1 ). The crude drug samples of "Luk Tai Bai" were obtained from local Thai markets (Table 2) .
DNA Extraction and Purification Total genomic DNA was extracted using a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and purified using a High Pure PCR Product Purification Kit (Roche Diagnostics, Tokyo, Japan) according to the manufacturers' protocols. DNA content was estimated using a DyNA Quant 200 Fluorometer (GE Healthcare, Uppsala, Sweden) with calf thymus DNA (Sigma, St. Louis, MO, U.S.A.) as a standard.
PCR Amplification PCR primers were designed for Phyllanthus species based on the rRNA gene sequence of P. amarus retrieved from the Genbank Nucleotide Sequence Database (accession no. AY725467). The forward primer (Phyll-ITS-1F: 5Ј-GGAGAAGTCGTAACAAGGTT-3Ј) and the reverse primer (Phyll-ITS-1R: 5Ј-GTAATCCCGCCT-GACCTG-3Ј) were used to amplify the entire ITS region (ITS1-5.8S rDNA-ITS2). We also designed inner primers, In-18S-26S-F (5Ј-AATTGCAGAATCCCGTGAAC-3Ј), In-18S-26S-R (5Ј-TTGCGTTCAAAGACTCGATG-3Ј), and In2R (5Ј-CGTCGAATACATAGAGGGTC-3Ј) to amplify the ITS region from herbarium specimens. The annealing positions of these PCR primers are shown in Fig. 1 . The PCR mixture (25 ml) used to amplify the region from fresh samples contained 10 mM Tris-Cl (pH 8.8), 2 mM potassium chloride, 0.2 mM deoxynucleoside triphosphate (dNTP), 0.4 mM each primer, 0.02 units Taq DNA Polymerase (Roche Diagnostics), and 4-40 ng of DNA template. Amplification was carried out under the following conditions: a preliminary denaturation at 94°C for 2 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 50°C for 1 min, and elongation at 72°C for 1 min, with a final extension at 72°C for 5 min. When the DNA preparations from the herbarium specimens were used as PCR templates, the reaction mixture (20 ml) contained 25 mM tris-hydroxymethyl-methyl-amino-propanesulfonic acid, sodium salt (TAPS), pH 9.3, 50 mM KCl, 2 mM MgCl 2 , 1 mM b-mercaptoethanol, 0.2 mM dNTP, 0.4 mM each primer, 0.02 unit NovaTaq Hot Start DNA Polymerase (Novagen, Madison, WI, U.S.A.), and 0.1 ng DNA template. The amplification was performed with 35 cycles consisting of precycling at 95°C for 10 min, denaturation at 94°C for 30 s, annealing at 55°C for 1 min, and elongation at 72°C for 1 min, with a final extension at 72°C for 7 min. PCR products were separated by 1.2% agarose gel electrophoresis and detected by staining with ethidium bromide.
Sequencing of the PCR Product PCR products were incubated with ExoSAP-IT solution (GE Healthcare) according to the manufacturer's protocol, purified using Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI, U.S.A.), and applied to sequencing reactions. The nucleotide sequences were determined using an ABI PRISM 3100-Avant Genetic Analyzer (Applied Biosystems, Foster City, CA, U.S.A.) or DSQ-2000L (Shimadzu, Kyoto, Japan). For each sample, forward and reverse sequencing reactions were performed to confirm the results.
Phylogenetic Analysis DNA sequences of the ITS1-5.8S rDNA-ITS2 were aligned using Muscle version 3.6 14) and then the alignment was manually adjusted. Maximum parsimony (MP) was conducted using PAUP version 4.0b 10. 15) Strict and semi-strict 50% consensus trees were calculated from all parsimonious trees. The consistency (CI) and retention indices (RI) were calculated. Bootstrap analyses were performed using 1000 replicates and the heuristic search algorithm. The same sequence data were also analyzed using the Neighbor-Joining (NJ) method.
15)
PCR-RFLP Identification For PCR amplification, Phyll-ITS-1F and Phyll-ITS-1R were used as forward and reverse primers, respectively. Amplified ITS regions of approximately 700 bp were digested with 2.5 units of DdeI restriction enzyme (Roche Diagnostics) at 37°C for 3 h, separated by 2.5% agarose gel electrophoresis, and visualized by ethidium bromide staining under UV light. As a size marker, 100 bp plus DNA Ladder (Vivantis, Oceanside, CA, U.S.A.) was used.
RESULTS AND DISCUSSION
Sequence Analysis of the ITS Region Amplified from
Medicinal Phyllanthus Species PCR products containing ITS1, 5.8S rDNA, and ITS2 were amplified from all the samples of fresh plants using a PCR primer set (Phyll-ITS-1F and Phyll-ITS-1R) designed on the rDNA sequence of Phyl- lanthus amarus retrieved from the DNA database, and their nucleotide sequences were determined. In some herbarium specimens, the DNA was highly degraded into small fragments and did not yield a PCR product when DNA preparations from these samples were used as PCR templates. In such cases, ITS1 and ITS2 were separately amplified using inner primers annealed to the 5Ј-and 3Ј-end of the 5.8S rDNA as shown in Fig. 1 . The PCR products were directly applied to sequence reactions following treatment with endonuclease/alkaline phosphatase, and their nucleotide sequences were determined. The nucleotide sequences have been submitted to the DDBJ/EMBL/GenBank Nucleotide Sequence Database under the accession numbers shown in Table 1 .
The size of the ITS1 and ITS2 regions were 197-222 bp and 196-210 bp, respectively, varying according to species. The 5.8S rDNA size was 163 bp, irrespective of species. Although some intra-species variation was found in the nucleotide sequence of ITS1 and ITS2, the numbers of intraspecifically varied nucleotides were within the range of one (P. taxodiifolius) to 27 (P. virgatus), and much smaller than those between species. A conserved sequence, GGCRC-(NNNNN)-GYGCCAAGGAA (YϭC or T; RϭG or A), was found at position 124-144 in the ITS1 of all plant samples of 23 Phyllanthus species examined. The highly conserved sequence in ITS1 suggests that this region may have a key function in processing rRNA gene transcripts.
16)
Phylogenetic Analysis of Phyllanthus Species Based on the Nucleotide Sequence of the ITS Region
The molecular phylogenetic relationship among the Phyllanthus species . The sequence data of the species followed by accession numbers in brackets were retrieved from the GenBank DNA Database. distributed in Thailand was analyzed based on approximately 0.4 kb sequences of the ITS locus obtained in the present investigation together with those retrieved from the DNA database. The data set contained 54 ingroups and 4 outgroups, namely Margaritaria cyanosperma, Savia bahamensis, Flueggea leucopyrus, and Lingelsheimia sp. A total of 677 characters were examined, of which 302 were parsimony informative. MP analysis produced one parsimonious tree of 1397 steps, with a CI of 0.467, and RI of 0.771. The semistrict consensus tree with bootstrap percentages is shown in Fig. 2 . We applied the Maximum Likelihood algorithm to the same dataset, resulting in one ML tree which was identical with the MP tree. Furthermore, the NJ analysis gave an essentially identical topology to the parsimony tree.
Previously, Kathriarachchi et al. analyzed the ITS sequences of 79 species belonging to Phyllanthus sensu lato, and classified these species into 15 clades (clade A-O). 17) In the present investigation, Phyllanthus species in Thailand were found to be classified to 8 of the 15 clades of Kathariarachchi. 16) Of the 12 species whose nucleotide sequences were determined in the present investigation for the first time, 8 belonged to clade N, 3 to clade C, and 1 to clade E. The phylogenetic tree confirmed the previous finding 17) that Phyllanthus species are non-monophyletic but embedded with Sauropus and Breynia, and suggested that these three taxa may be changed at the generic rank in the future. Moreover, the phylogram showed that P. virgatus, P. myrtifolius, P. welwitschianus, P. reticulatus, P. pulcher, P. amarus, P. debilis, P. urinaria, P. emblica, P. oxyphyllus, and P. acidus were very close to those previously described with bootstrap percentages from 50 to 100%, which confirmed the identification of these species.
ITS Sequence-Based Authentication of Phyllanthus amarus, P. debilis, and P. urinaria by a PCR-RFLP Method Sequence alignment of the ITS regions from Phyllanthus amarus, P. urinaria, and P. debilis revealed the presence of a DdeI recognition site (C^TNAG) at nt 450-454 (from 5Ј-end) of the ITS region of P. amarus and at nt 198-202 (from 5Ј-end) of P. debilis. In contrast, no DdeI restriction site was present in the ITS region of P. urinaria (Fig. 3) . We amplified the ITS region from P. amarus, P. debilis, and P. urinaria, and the PCR products were incubated with DdeI. As shown in Fig. 4 , the PCR product from P. amarus was digested into two fragments of 500 and 190 bp, and that from P. debilis into 440 and 250 bp; however, the product from P. urinaria remained undigested. We also examined whether DdeI restriction sites are present in the ITS regions of the 36 Phyllanthus species in Thailand. P. roseus has a DdeI site at the same position as P. amarus, and 13 species besides P. urinaria has no DdeI site. However, P. amarus, P. debilis, and P. Vol. 33, No. 10 urinaria are most popular species in the Thai herbal markets, and this protocol may provide us with a convenient method to identify and/or discriminate P. amarus, P. debilis, and P. urinaria obtained from markets, without sequencing.
We applied the PCR-RFLP protocol to crude drug samples of "Luk Tai Bai" obtained from the markets. The ITS fragments from nine samples (No. 1-9) were digested into two fragments of 500 and 200 bp with DdeI, while the fragments from two crude drug samples (No. 10 and No. 11) exhibited three fragments of 700, 500, and 200 bp after DdeI digestion (Fig. 5) . The result indicated that samples No. 1-9 were crude drugs from P. amarus, while samples No. 10 and 11 were mixtures of P. amarus and presumably P. urinaria It is interesting to note that No. 3 is derived from P. amarus although it was sold as "Ya Tai Bai," which is the common plant name of P. urinaria. The amount of the PCR products (the intensities of the product bands) varied among the samples. However, this may not reflect the amounts of the particular crude drugs in the samples because the yield of the PCR products are affected by many factors including the amount of target nuclear DNA and/or impurities in the total DNA preparation from each sample.
Phyllanthus amarus has effective antiviral activities especially with respect to the hepatitis B virus. In Thai folk medicine, it is usually confused with other herbs such as P. urinaria and P. debilis because they are morphologically similar and share the same drug name in the market. Although these three species can be discriminated based on the difference in nucleotide sequence of their respective ITS region, sequencing is time-consuming and relatively costly. The present study revealed that P. amarus as well as the crude drug derived from it can be easily discriminated from P. debilis and P. urinaria based on the PCR-RFLP profile after DdeI digestion of the amplified ITS regions.
The present investigation indicates that DNA authentication using the ITS sequence as a marker is a reliable method to identify and/or discriminate between Phyllanthus species distributed in Thailand. The established PCR-RFLP protocol is a rapid and accurate method to identify P. amarus-derived "Luk-Tai-Bai" in Thai herbal markets. The ITS1-5.8S rDNA-ITS2 fragments were amplified from 11 crude drug samples obtained in the market and separated by agarose gel electrophoresis either without DdeI digestion (left 11 lanes) or after DdeI treatment (right 11 lanes).
